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A B S T R A C T   

The structural integrity of cranial implants is of great clinical importance, as they aim to provide cerebral 
protection after neurosurgery or trauma. With the increased use of patient-specific implants, the mechanical 
response of each implant cannot be characterized experimentally in a practical way. However, computational 
models provide an excellent possibility for efficiently predicting the mechanical response of patient-specific 
implants. This study developed finite element models (FEMs) of titanium-reinforced calcium phosphate 
(CaP–Ti) implants. The models were validated with previously obtained experimental data for two different 
CaP–Ti implant designs (D1 and D2), in which generically shaped implant specimens were loaded in compression 
at either quasi-static (1 mm/min) or impact (5 kg, 1.52 m/s) loading rates. 

The FEMs showed agreement with experimental data in the force–displacement response for both implant 
designs. The implicit FEMs predicted the peak load with an underestimation for D1 (9%) and an overestimation 
for D2 (11%). Furthermore, the shape of the force–displacement curves were well predicted. In the explicit FEMs, 
the first part of the force–displacement response showed 5% difference for D1 and 2% difference for D2, with 
respect to the experimentally derived peak loads. The explicit FEMs efficiently predicted the maximum dis
placements with 1% and 4% difference for D1 and D2, respectively. Compared to the CaP–Ti implant, an average 
parietal cranial bone FEM showed a stiffer response, greater energy absorption and less deformation under the 
same impact conditions. 

The framework developed for modelling the CaP–Ti implants has a potential for modelling CaP materials in 
other composite implants in future studies since it only used literature based input and matched boundary 
conditions. Furthermore, the developed FEMs make an important contribution to future evaluations of patient- 
specific CaP–Ti cranial implant designs in various loading scenarios.   

1. Introduction 

Cranial defects caused by trauma or neurosurgery are commonly 
reconstructed using autologous bone or synthetic implants. The pro
cedure has a high clinical complication rate (~20%), where infection is 
the most common complication for synthetic cranial implants (van de 
Vijfeijken et al., 2018). These implants have commonly been made of 
bioinert materials, e.g. PMMA. The outcome could potentially be 
improved by using osteoconductive and bioactive materials (Engstrand, 
2012). One such recently introduced cranial implant, a patient-specific 
calcium phosphate–titanium (CaP–Ti) implant (OssDsign Cranial, 
OssDsign, Uppsala, Sweden), has shown promising clinical outcomes in 

terms of low complication rates (Engstrand et al., 2014; Kihlström 
Burenstam Linder et al., 2019; Sundblom et al., 2018). In a recent 
retrospective study of 50 patients, only 7.5% developed complications 
which lead to implant removal. Since this patient cohort previously had 
a 64% failure rate with autologous bone or other synthetic implants 
(Kihlström Burenstam Linder et al., 2019), this outcome was considered 
particularly promising. An important function of cranial implants is to 
provide cerebral protection. The positive clinical results could increase 
the clinical use of the CaP–Ti implant, which motivates scientific in
vestigations of their protective capability and structural integrity. 
Moreover, while medical imaging and additive manufacturing have 
enabled the production of patient-specific implants in a relatively 
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straight-forward manner (Zegers et al., 2017; Lethaus et al., 2014), 
experimental evaluation of each patient-specific design is not possible. 
The use of computational models for assessing the mechanical behavior 
of cranial implants could be a solution to these challenges. 

In experimental studies, cranial implants have mainly been evalu
ated under quasi-static compressive loading using an indenter (Berretta 
et al., 2018; El Halabi et al., 2011; Lethaus et al., 2011; Piitulainen et al., 
2017; Matic and Manson, 2004; Ono et al., 1998). However, impact 
loading is most likely a more realistic loading to which a skull is sub
jected. This type of loading has previously only been investigated for 
cranial implants in a few experimental studies (Matic and Manson, 2004; 
Ambrogio et al., 2018; Lewin et al., 2020). Computational simulations 
have made interesting contributions in structural evaluations of a few 
types of cranial implants. Studies have evaluated differences in design 
and location of implant fixation (El Halabi et al., 2011; Ridwan-Pramana 
et al., 2016; Ridwan-Pramana et al., 2017; Marcián et al., 2019). Others 
have varied the implant thickness of several materials, with the purpose 
to assess bone–implant load transfer (Marcián et al., 2019; Persson et al., 
2018). The majority of these studies assume quasi-static loading rate, 
linear elastic materials, and linear geometry (El Halabi et al., 2011; 
Ridwan-Pramana et al., 2017; Persson et al., 2018). So far, only one 
computational study has investigated cranial implants under impact 
loading: Garcia-Gonzalez et al. (2017) placed solid PEEK and porous HA 
implants in a FE head model, and demonstrated differences in the me
chanical response at different impact velocities (Garcia-Gonzalez et al., 
2017). It would be of considerable interest to simulate impact loading 
also for other types of cranial implants. Furthermore, it is important to 
model the mechanical response of these implants up to failure loads in 
order to assess the implant response during trauma – which has so far 
not been studied. 

Our study focuses on validation of computational models of the 
patient-specific calcium phosphate-titanium (CaP–Ti) implant, which 
has a somewhat more complex structure than other commonly used 
implants. CaP tiles in the implant aim to improve biocompatibility and 
osseointegration, but are inherently brittle. For increased structural 
support, a titanium structure forms the basis of the implant. In a recent 
experimental study, we measured the mechanical response of generic 
CaP–Ti implant specimens, both under quasi-static and impact loading 
(Lewin et al., 2020). Two implant designs were evaluated. The first 
design was conceptually representative of the clinically used implants 
(Design 1 – D1), and the second was modified in order to facilitate ad
ditive manufacturing of the titanium structure (Design 2 – D2). The data 
obtained in that study offers experimental reference data for validation 
of finite element models (FEMs) of the CaP–Ti implant. Furthermore, 
modelling CaP materials in a complicated composite system is so far 
unexplored. 

The primary aim of the present study was to develop a finite element 
modelling approach for CaP–Ti implant designs, and to validate it 
against experimental data of two implant designs at impact and quasi- 
static loading rates. A secondary aim was to estimate the mechanical 
response for cranial bone under the same impact loading, and to 
compare this outcome to the mechanical response of the implants. 

2. Materials and methods 

2.1. Experimental testing 

The mechanical testing of the CaP–Ti implants has been reported 
previously (Lewin et al., 2020), an overview is provided below for 
clarity and context. Implant specimens of two different designs, with a 
generic shape (ø = 80 mm) were used (Fig. 1). The radius of the spec
imen curvature was 90 mm. The first, Design 1 (D1), was conceptually 
representative of the current clinically used implants (OssDsign Cranial, 
OssDsign, Uppsala, Sweden). In the modified, Design 2 (D2), simplifi
cations were made in the titanium structure with the purpose of facili
tating the additive manufacturing process while aiming to maintain 
implant strength. In D1, the rods in the titanium structure had a rect
angular cross-section (0.6 × 1.6 mm2). The CaP tiles were hexagonal in 
shape with a thickness of 6 mm. The distance between the tiles was 1 
mm at the top and 2 mm at the bottom of the implant. Deformation 
zones, i.e. 0.3 mm wide and 0.3 mm high notches intended to concen
trate and control deformation, were placed between the CaP tiles in D1 
(Fig. 1a). In D2, the cross-section of the rods in the titanium structure 
was circular (ø = 1.2 mm), and the deformation zones were excluded. 
The CaP tiles were generally larger and the shape was changed as the 
middle CaP tile in D2 was circular, and the other tiles were placed in a 
pattern surrounding the central tile (Fig. 1b). The titanium structures 
were additively manufactured in a titanium alloy (Ti–6Al–4V) using a 
powder bed fusion laser beam (L-PBF) process. The tiles were molded 
using a self-setting monetite-based CaP formulation (Engstrand et al., 
2014). The implant specimens were provided by the implant manufac
turer (OssDsign AB, Uppsala, Sweden). 

In the experimental setup, a rigid hollow steel cylinder, was used to 
support the implants around the circumference during testing. The 
conical contact surfaces of the steel cylinder had the same incline as the 
implant edges. This conical hollow steel cylinder is hereinafter referred 
to as the conical steel support. In order to obtain firm contact between 
the ceramic tiles and the conical steel support, calcium phosphate 
cement was applied to the contact surface prior to placing the specimen 
on the support structure. In the quasi-static tests, the setup was mounted 
in a universal testing machine (AGS-X, Shimadzu Corp., Japan), and 
compressive load was applied using a hemispherical indenter (ø = 40 

Fig. 1. Visualization of the two implant designs: D1 
(a) and D2 (b). The models to the left show the full 
implants. Some of the CaP tiles have been removed in 
order to visualize the titanium structure. Around one 
of the removed tiles in D1, the locations of the 
deformation zones are marked with red arrows. The 
center images show a magnified part (including the 
mesh) of the titanium and the CaP tiles, and a 
magnification of the cross section of the titanium 
structure. The image to the far right shows a magni
fied part of D1 to visualize the mesh in one of the 
deformation zones (marked by red arrows). (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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mm). A silicone rubber sheet (thickness of 5 mm) was placed on top of 
the implants as a soft tissue surrogate. Next, the implants were loaded to 
failure at a displacement rate of 1 mm/min. In the impact test, the full 
setup, including the support, implant specimen and rubber sheet, was 
placed in a drop-tower rig (Fig. 2). The implants were loaded through a 
hemispherical indenter (ø = 40 mm) mounted on a carriage, with a total 
mass of 5 kg, which impacted with a speed of 1.52 m/s. A high-speed 
camera (IDT Y8–S2, Integrated Design Tools Inc., USA) recorded the 
displacement between carriage and support markers at 6800 frames/ 
second (FPS) (Fig. 2). The force was measured at 13 600 Hz using a 
piezoelectric force sensor (208C04, PCB Piezotronics, Inc., USA) placed 
between the indenter and the carriage. 

2.2. Finite element models 

2.2.1. Model geometries 
CAD-files of the titanium structure and the ceramic tiles, for both 

designs, were obtained from the implant manufacturer (OssDsign, 
Uppsala, Sweden) (Fig. 1). The hemispherical indenter (ø = 40 mm), and 
the surface of the conical steel support below the specimen were 
modelled to match the experimental setup. All parts were semi- 
automatically discretized with tetrahedral elements in a commercial 
pre-processor (Ansa 17.1.0, Beta CAE Systems, Switzerland). Parts of the 
resulting FE meshes are visualized in Fig. 1 for the CaP tiles and titanium 
structure of both implant designs. 

2.2.2. Implicit models 
The indenter and the conical steel support surface were modelled as a 

linear elastic material, with properties corresponding to steel (Young’s 
modulus: E = 210 GPa, and Poisson’s ratio: ν = 0.3). All nodes on the 
outer edge of the support surface were fixed. The indenter was con
strained from translation in x and y-direction (the coordinate system is 
visualized in Fig. 2). Loading was applied by a uniform displacement of 
the indenter, applied to all nodes on the upper surface of the indenter in 
z-direction. Contact pairs were defined with friction (μ = 0.3), between 
the CaP tiles and the conical steel support surface, and between the 
indenter and the CaP tiles. The nodes of the CaP tiles were tied to the 
titanium, assuming a perfect interface bonding between the tiles and the 
titanium structures. This assumption was chosen because the interface 
prior to the experiments was intact and the strong geometrical inter
locking of the structures is likely to be dominant in the interaction be
tween the CaP and the titanium structures. 

The implicit models (including the implant, the indenter and the 
conical steel support surface) consisted of 3 122 970 and 2 612 654 
elements for D1 and D2 respectively. The number of elements, element 
formulations, and the mean element edge length for the parts in the 
implants are presented in Table 1. The indenter and support surface 
were modelled with first order tetrahedral elements (LS-DYNA, element 
formulation 10). Tetrahedral elements of the first order were also used 

for the titanium structure and the ceramic tiles in the implant, but 
another element formulation that takes nodal pressure into account in 
order to reduce volumetric locking (LS-DYNA, element formulation 13) 
was used (Bonet and Burton, 1998). The FEMs were solved with double 
precision in a commercial implicit solver (LS-DYNA R11.0.0, Livermore, 
CA, USA). 

2.2.3. Explicit models 
The models used for the implicit FEM simulations were used to set up 

the explicit FEMs. Additionally, the rubber sheet (5 mm thickness) was 
modelled in the explicit FEM. For the rubber sheet, a hyper-elastic 
Mooney-Rivlin material model (LS-DYNA, MAT 27) was used. The ma
terial model constants were reverse engineered from experimental re
sults obtained for the silicone material in compression tests performed 
according to ISO 7743. The resulting Mooney-Rivlin constants were 
C1 = 15 × 10− 5 and C2 = 4 × 10− 5. 

The elements on the conical steel support surface were fixed in all 
directions. In addition to the contact pairs used in the implicit models, 
contact pairs were defined with friction (μ = 0.3) between the indenter 
and the rubber sheet, and between the rubber sheet and the CaP tiles. To 
stabilize the rubber sheet, an interior contact was defined. Gravity was 
applied to all parts of the model. The carriage mass (5 kg), and velocity 
measured from the drop-tower experiments (1.52 m/s) were applied to 
the indenter as initial conditions (Lewin et al., 2020). 

Tetrahedral shell elements (LS-DYNA, element formulation 16) were 
used to mesh the indenter and the conical steel support surface. For the 
titanium, second order tetrahedral elements were used (LS-DYNA, 
element formulation 16). The CaP tiles were again represented by first 
order tetrahedral elements (LS-DYNA, element formulation 13). The 
number of elements (Table 1), for the explicit models were 3 103 202 
and 2592 9970 for models D1 and D2, respectively. Comparison be
tween the experimental setup and the FEMs can be seen in Fig. 2. The 
FEMs were solved with double precision in a commercial explicit solver 
(LS-DYNA R11.0.0, Livermore, CA, USA). 

2.2.4. Material models: CaP and Ti–6Al–4V 
The density and porosity (40%) of the monetite-based CaP material 

was provided by the implant manufacturer (OssDsign, Uppsala, Swe
den). The CaP material properties (Table 2) were based on previous 
compression testing preformed on the same CaP formulation, in which 
the deformation was measured by digital image correlation (Ajaxon 
et al., 2017). The strength for CaP materials is known to be lower in 
tension (Pittet and Lemaître, 2000; Ajaxon and Persson, 2017), how
ever, data on tensile properties for CaP materials is limited due to 
experimental difficulties, caused by the brittle behavior. Moreover, 
diametral tensile tests, which are performed more frequently, do not 
correctly estimate the tensile strength for these types of materials (Pittet 
and Lemaître, 2000). Consequently, the tensile properties were based on 
experimental work (Charrière et al., 2001). They performed tensile and 

Fig. 2. Drop-tower experimental setup and computational model: The experimental setup – with the different parts marked in the image (left); a magnified image of 
the implant specimen and the indenter (middle); and the explicit FE-model (right). 
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compression tests using both a uniaxial and biaxial extensometer. The 
brushite in their tests had a similar compression strength (10.7 MPa) as 
our monetite-based ceramic. For these reasons, the ratio that Charrière 
et al. (2001) obtained between tensile and compression strength, was 
used in our study to estimate the tensile strength of our CaP material to 
1.6 MPa (Table 2). A material model with tension-compression asym
metry (LS-DYNA, MAT 124) was implemented for the CaP material 
(Fig. 3). As fractures in the CaP material were observed experimentally 
before yielding of the titanium, damage was modelled by introducing 
softening both in compression and in tension after the strain of failure 
was reached (0.2%). The tensile stress was decreased to 10% of the 
tensile strength (to model catastrophic failure). The compression stress 
was decreased to 60% of the compression strength (motivated by the 
40% porosity of the CaP). Thereafter, for an additional 30% strain in 
compression, densification was assumed. In the implicit models no 
damage was considered. Instead, perfect plasticity was assumed both in 
tension and compression (Fig. 3a). 

The material properties for the titanium alloy were measured on 
tensile test specimens, produced to correspond to the geometry of the 
titanium structure in the D2 implants. The gauge length was 10 mm and 
the diameter 1.2 mm. The measured tensile strength (Table 2) agreed 
with previous tests on standard sized specimens produced with the same 
additive manufacturing process (Fousová et al., 2018). An elasto-plastic 
material model was used for the titanium alloy (LS-DYNA, MAT 024), 
see Fig. 3b. Stresses were recalculated from the nominal stress and strain 
(reported in Table 2) to the Cauchy stress and logarithmic strain before 
implementation into the FEMs. 

2.3. Comparison between FEMs and experimental results 

The response of each FEM was compared to the corresponding 
experimental data. The response was plotted from a force of 100 N, 
where the displacement was set to zero. This was done to minimize the 
influence of the toe-region created by the rubber sheet. 

For the experimental quasi-static results, three curves were created; a 
curve for the average results, and a curve one standard deviation (SD) 
above and below the average curve. The compliance of the rubber sheet 
was subtracted from the quasi-static experimental results in the com
parison to the implicit FEM. In the subtraction, a spline interpolation of 
silicone rubber test data was used (5 mm silicon sheet tested in 
compression at 1 mm/min with the same indenter as the one used in the 
implant testing). The force measured in the quasi-static tests was 
compared to the section force for the indenter in the implicit FEM. The 
displacement measured during the experiments was compared to the z- 
displacement of the indenter in the model. The peak load was evaluated 
for each design before 4 mm displacement, and the stiffness was 
compared in the linear part of the curves (between 0.02 and 0.2 mm 
displacement). The energy absorption was evaluated as the area under 
the curve up to 4 mm displacement. 

For the experimental impact results, three curves were again created; 
a curve for the average results, a curve for one SD above, and a curve for 
one SD below the average curve. In the explicit FEMs, the force was 
evaluated in the contact pair between the rubber sheet and the indenter, 
and compared to the force measured experimentally. The displacement 
of the indenter in the model was again compared to the experimentally 
measured displacements. The stiffness, including the rubber sheet, was 

Table 1 
Element type and number of elements for the implant parts in the implicit and explicit models.  

Part Number of elements Element type Element formulation Mean element edge length [mm] 

D1 D2 Implicit Explicit D1 D2 

Titanium structure 402 913 387 259 tetrahedron 1st order (LS-DYNA, el. form 13) 2nd order (LS-DYNA, el. form 16) 0.33 0.36 
CaP tiles 2 681 385 2186 834 tetrahedron 1st order (LS-DYNA, el. form 13) 1st order (LS-DYNA, el. form 13) 0.44 0.47  

Table 2 
Material properties for the titanium alloy and CaP material (average ± SD).   

E [GPa] ν [-]  σy [MPa]  σUTS [MPa]  Strain at break 
[%] 

tension compression 

CaP 7.1 ± 1.0 (Ajaxon et al., 
2017) 

0.2 ± 0.03 (Ajaxon et al., 
2017) 

– 1.6 ± 0.19 (Charrière et al., 
2001) 

13 ± 1.6 (Ajaxon et al., 
2017) 

– 

Ti6Al4V 102.2 ± 7.5 0.3 1003.6 ±
21.1 

1086.1 ± 10.1 – 10.7 ± 1.3  

Fig. 3. The material models implemented in the simulations for the CaP material (a) and the titanium alloy (b). For the CaP material model, the initial elastic part of 
the curve is shown in the bottom right corner (a). 
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compared between 1 and 2 mm displacement (the linear parts of the 
curves). The energy absorption was evaluated as the area under the 
curve up to 4 mm displacement. Additionally, the maximum indenter 
displacement was compared between the experiments and the 
simulations. 

2.4. Cranial bone models 

FEMs were created to allow for comparison between the mechanical 
response of the implants and the response of cranial bone under the 
same impact condition. The mid-plane of the bone structures had the 
same shape and curvature as the implant models, with the purpose of 
fitting the bone structures in the same conical support as for the implant 
models. The thickness and material properties for the cranial bone 
comparison were based on data from literature. In previous FE simula
tions, cranial bone geometry has been created using a homogeneous 
(Garcia-Gonzalez et al., 2017) or a three-layered structure (Sahoo et al., 
2013; Kleiven, 2007), derived based on clinical CT (De Kegel et al., 
2019) or micro-CT images (Wu et al., 2018). For our study we created a 
three-layered structure. Large variations in thickness have been reported 
for the three layers, which are defined as inner and outer tables (cortical 
bone) and diploe (trabecular bone) (Alexander et al., 2019; Boruah 
et al., 2015). The inter-study variation in mean thickness likely depends 
on the measurement techniques (e.g. caliper, light microscopy, ultra
sound, clinical CT or micro-CT), the type of cranial bone being measured 
(e.g. frontal, parietal or temporal bone) and subject-specific variations. 
Furthermore, there is no standardized method of defining the different 
layers. In our model, the three-layered structure was based on a recent 
study by Alexander et al. (2019), in which measurements were made by 
micro-CT. That study used 30% porosity as a threshold to separate 
cortical and trabecular bone. A fraction relationship was reported for the 
thickness of the different layers in parietal bone; 14.6% of the total 
thickness for the inner table, 66.0% of the total thickness for the diploe, 
and 19.4% of the total thickness for the outer table. We applied this 
relationship on the mean total thickness measured in that study (6.7 ±
1.3 mm), and defined an upper and lower bound as mean ± 1.96xSD. 
The thicknesses used in the cranial bone geometries can be seen in 
Table 3. The upper and lower bounds cover approximately 95% of a 
normal distribution, and a large part of the data reported on cranial 
thicknesses (Boruah et al., 2015). 

The cranial bone was placed in the setup used for the explicit implant 
models. The full model included the indenter, the support, the rubber sheet, 
and the cranial bone. The same loading, (1.52 m/s, 5 kg) and contact def
initions (indenter to rubber, rubber to bone, bone to support) as those used 
in the explicit implant simulations were applied. The material model used 
for the bone, was developed previously by Enns-Bray et al., (2018). The 
implementation used a non-linear material Fu-Chang Foam model with 
tension compression asymmetry (LS-DYNA, MAT 83). The Young’s modulus 
values were the same as in previous studies on FE-head models (Sahoo et al., 
2013): 15 GPa for cortical bone and 5 GPa for trabecular bone. These values 
were derived from experimental results (McElhaney et al., 1970). The 

cranial bone models were solved in the explicit solver, and the force
–displacement response was evaluated until peak load. The peak load and 
displacement at peak load were compared to the implant simulations, in 
addition the energy absorbed at 4 mm was calculated as the area under the 
curve up to 4 mm displacement. The force for the cranial bone FEMs was 
evaluated in the contact pair between the rubber sheet and the indenter, and 
the displacement at the indenter in the model. 

3. Results 

3.1. Comparison between FEMs and experimental results 

3.1.1. Implicit models 
For D1, the comparison between the implicit FEM and the experi

mental results is illustrated in Fig. 4. In Fig. 4a, the implicit FEM force vs. 
displacement response until 6 mm displacement is compared to the 
corresponding experimental data. Overall, the experiment and the 
simulation showed a similar response until the point at which the tita
nium failed in the experiments. From this point, the experimental force 
decreased while the simulated force increased. The experimental 
response and the simulation response had similarly shaped force- 
displacement curves, i.e. yield and peak force occurred at similar dis
placements, but the force was underestimated. The difference between 
the average experimental curve and the simulation in terms of the 
different parameters were: − 35% for stiffness, − 9% for peak load and 
− 17% for energy absorbed at 4 mm displacement (Table 4). None of 
these parameters were within the curves created one standard deviation 
above and below the average curve (Table 4). 

In Fig. 4b, maximum and minimum principal strains in the CaP tiles 
are shown for the D1 implicit FEM results. The locations in the force- 
displacement response, at which the strain plots were derived, are 
marked in Fig. 4a. Elements with a strain above failure are shown in dark 
red (tension) and dark blue (compression). At the CaP tile below the 
indenter, failure started around point one (121 N). However, failure 
throughout the full tile was not seen until around the second point (447 
N). This point occurred close to where failure had been determined 
experimentally by a drop in the force response (463 ± 45 N). In Fig. 4c, 
the maximum and minimum principal strains are shown for the D1 
implicit FEM in the titanium structure below the indenter. The highest 
strains were located in the deformation zones. In point four, failure 
strains were visible in the deformation zones – similar to what was 
observed experimentally. 

For D2, the comparison between the implicit FEM and the experi
mental results can be seen in Fig. 5. The force vs. displacement response 
is compared in Fig. 5a. Overall, the experiment and the simulation 
showed a similar response. The difference between the average experi
mental curve and the simulation in terms of the different parameters 
were: − 23% for stiffness, 11% for peak load and 4% for energy absorbed 
at 4 mm displacement (Table 4). None of these parameters were within 
the curves created one standard deviation above and below the average 
curve (Table 4). 

Table 3 
Data on cranial bone layer thickness used in the models. A part of the model is shown to visualize the different 
layers. 
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In Fig. 5b and c, strain plots for the D2 implicit FEM show the 
maximum and minimum principal strains in the CaP tiles. The locations 
in the force-displacement response, at which the strain plots were 
derived are marked in Fig. 5a. The dark red and dark blue show elements 
with strains above failure (Fig. 5b). At the tile below the indenter, the 
CaP started to show failure around the first point marked in Fig. 5a (141 
N), but failure through the full tile was not seen until around the second 
point (449 N). This occurred close to where failure was determined 
experimentally (368 ± 18 N). In Fig. 5c, strain plots for the D2 implicit 
FEM show the maximum and minimum principal strains in the titanium 
structure at the third and fourth point marked in Fig. 5a. Yield strains 
were observed in the titanium structure below the indenter at point four, 

the first peak load (743 N). No elements at this point had reached a 
strain above failure, failure was neither observed in the experiments at 
this point. 

3.1.2. Explicit models 
The comparison of results from impact experiments and explicit 

FEMs are presented in Fig. 6 and Table 5 for both implant designs. The 
overall mechanical behavior was similar for the FEMs and the experi
ments (Fig. 6). In the first part of the curves the simulation and exper
imental curves overlap for both designs. For D1, the simulated stiffness 
was 1% higher than derived from the average experimental force- 
displacement curve (Table 5). In the D1 experimental curves, the load 
peaked early and then decreased through the rest of the impact (Fig. 6a). 
This initial peak load for the FEMs was 5% lower than the average 
experimental peak load. In the simulation the load increased and 
reached a second peak load (Fig. 6a). This second peak load was 2% 
different from the overall peak load in the experimental average curve, 
and within the one standard deviation of the experimental curve peak 
loads (Table 5). The energy absorbed up to 4 mm displacement in the 
simulation was 5% higher than the average experimental results. 
Additionally, the maximum displacement for D1 was within a 1% dif
ference between the experiments and simulation. 

For D2, the simulated stiffness was 6% lower than the average 
experimental curve and fell within one standard deviation of the 
experimental results (Table 5). Both the experimental and simulated 
force vs. time curves show two peaks in the response (Fig. 6d). The first 
peak was captured well by the simulation, with a difference of 2% in 
force. For the energy absorbed at 4 mm, there was a 3% difference be
tween experiments and the simulation (Table 5). The second peak in the 
average experimental curve occurred at a similar load as the first one. In 
the simulation the second peak load was higher than the first peak load, 
and 33% higher than the overall experimental peak load. For the 
maximum displacement, the difference between the experiments and 
simulation was 4%. In summary, the largest difference between the 
impact response from experiments and the explicit FEMs was seen in the 

Table 4 
Result from the implicit FEM and the quasi-static experiments for both designs.   

Peak load 
[N] 

Energy at 4 mm 
displacement [J] 

Stiffnessa  

[N/mm] 

D1 
Simulation 715 2.22 751 
Experiment  

(average - SD) 
758 2.49 936 

Experiment (average) 786 2.66 1152 
Experiment  

(average + SD) 
843 2.84 1368 

Diff. exp-average vs. 
simulation 

− 9% − 17% − 35% 

D2 
Simulation 743 2.38 572 
Experiment  

(average - SD) 
653 2.22 613 

Experiment (average) 669 2.28 740 
Experiment  

(average + SD) 
684 2.34 868 

Diff. exp-average vs. 
simulation 

11% 4% − 23%  

a Between 0.02 and 0.2 mm displacement. 

Fig. 4. Implicit FEM results for D1. Force vs. displacement response for the average quasi-static experimental (dotted gray line) and the implicit FEM (solid black 
line) (a). The gray shaded area shows one standard deviation above and below the average experimental results. In the graph, the CaP and titanium experimental 
failure are marked. Around these points, marked 1–4 in a), strain plots were created: point 1– 121 N, point 2–447 N, point 3–538 N and point 4–679 N. Maximum 
(shown from the bottom) and minimum (shown from the top) strain plots for the CaP tiles (b) and for the titanium structure below the indenter (c). The failures are 
marked with dark red (maximum principal strain) and dark blue (minimum principal strain). The strain at yield in the titanium is marked in lighter blue and red. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 6. Comparison of experimental impact test (gray dotted or dashed lines) and explicit FEM results (black solid lines). The gray shaded area shows one standard 
deviation above and below the average experimental results. For D1 (a–c) and D2 (d–f): Force vs. time (a and d), displacement vs. time (b and e), and force vs. 
displacement (c and f). 

Fig. 5. Implicit FEM results for D2. The force vs. displacement response for the average quasi-static experimental (dotted gray line) and the implicit FEM (solid black 
line) (a). The gray shaded area shows one standard deviation above and below the average experimental results. In the graph, the CaP failure and the point of the first 
peak load from the experiments are marked. Around these points, marked 1–4 in a), strain plots were created: point 1–141 N, point 2–449 N, point 3–545 N and point 
4–743 N. Maximum (shown from the bottom) and minimum (shown from the top) strain plots for the CaP tiles (b) and for the titanium structure below the indenter 
(c). The failures are marked with dark red (maximum principal strain) and dark blue (minimum principal strain). The strain at yield in the titanium is marked in 
lighter blue and red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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force at the second part of the impact. This difference was more pro
nounced in D2. 

In Fig. 7, images from the high-speed camera in the impact test and 
the corresponding FEM, are presented for Design 2 at: a force of 100 N, 
peak load (first peak), a displacement of 7 mm and at maximum 
displacement. Overall the FEM images and the experimental images 
show a similar behavior. At the point where the simulations and the 
experimental results deviate (around 7 mm displacement), it can be 
observed that the CaP tiles come in contact with each other (Fig. 7). 

3.2. Cranial bone simulation 

The simulated mechanical responses for the three different bone 
geometries are presented in Fig. 8a–c. The thinner bone showed the 
lowest peak load (3607 N) and the highest displacement at peak load (4 
mm) during impact. The absorbed energy at 4 mm displacement was 5.2 
J. For the thin bone, the minimum and maximum principal strain at peak 
load are shown in Fig. 8d and e. The thin bone showed failure in both the 
cortical and trabecular bone after the impact. The cranial bone mainly 
showed compressive damage at the top (Fig. 8d), and tensile damage at 
the bottom (Fig. 8e). The number of elements at failure decreased with 
increased bone thickness. For the thick bone there was no tensile 

Fig. 7. Comparison of FEMs and images from the high-speed camera in the impact test for a D2 specimen: at a measured force of 100 N, at peak load (first peak), at a 
displacement of 7 mm and at maximum displacement. The implant is seen from the top in the lower row. In the top-view image, at 7 mm displacement, locations 
where the ceramic tiles come in contact are marked. 

Table 5 
Result from the explicit FEM and the impact experiments for both designs.   

Peak load first [N] Peak load total [N] Maximum displacement [mm] Energy at 4 mm  
displacement [J] 

Stiffnessa [N/mm] 

D1 
Simulation 799 859 9.1 2.1 274 
Experiment (average - SD) 796 796 8.1 1.6 223 
Experiment (average) 838 838 9.0 2.0 278 
Experiment (average + SD) 884 884 9.7 2.4 333 
Diff. exp-average vs. simulation − 5% 2% 1% 5% 1% 
D2      
Simulation 798 1036 9.1 2.0 305 
Experiment (average - SD) 753 753 8.8 1.7 293 
Experiment (average) 780 780 9.5 2.0 325 
Experiment (average + SD) 813 813 10.1 2.2 357 
Diff. exp-average vs. simulation − 2% 33% − 4% 3% − 6%  

a Between 1 and 2 mm displacement. 
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damage at the bottom, and the trabecular damage through the thickness 
was concentrated to the upper part. 

4. Discussion 

The aim of the present study was to develop FEMs of two generic 
CaP–Ti cranial implant designs, and to validate the models against 
experimental data. The developed FEMs showed agreement with 
experimental data in the force–displacement response for both implant 
designs. The mechanical response was accurately predicted by the 
explicit FEMs for both designs (≤ 5% in initial peak force) under impact 
loading. The implicit FEMs predicted the mechanical response of both 
designs but with less accuracy under quasi-static loading. The shapes of 
the curves were accurately predicted, but the magnitude of the force was 
to some extent underestimated in D1 (9%) and overestimated in D2 
(11%). The second aim of the study was to predict the mechanical 
response of cranial bone in the same setup, and to compare it with the 
implant results. While damage could be seen in the thinnest cranial bone 
modelled, the overall energy absorption was higher in the cranial bone 
than in the implant. 

The high accuracy of the FEMs, with respect to initial peak force and 
maximum displacement (≤ 4% for both designs) under impact, will 
allow for mechanical optimization of CaP–Ti implants with respect to 
mechanical strength and cerebral protection capacity. The developed 
modelling approach could be used for guiding the design to target spe
cific mechanical properties. Moreover, patient-specific implant designs 
could be assessed in silico, prior to implantation, in order to identify 
undesired mechanical behavior. This is of great importance since it is 
practically not possible to evaluate each patient-specific design experi
mentally. Furthermore, the impact angle, impact area etc. most likely 
affect the mechanical response under impact. Computational models 
would be an important tool in evaluating various loading scenarios. 
Comparison of implants from different materials and different designs is 
difficult since no standardized testing exists for cranial implants, FEMs 

would in future studies also be useful for this assessment. Using explicit 
simulations, impacts could be simulated in order to assess how the 
different implants would fail. Validated FEMs are also useful in 
addressing differences in mechanical testing protocols of cranial im
plants. This could be of importance in order to develop standardized 
mechanical tests for cranial implants, which would result in more 
comparable test data. 

To the authors’ knowledge this is the first study to simulate the 
mechanical response of composite implants that contain a CaP material 
in combination with a metal. CaP materials are inherently brittle and 
will start to fracture as the metal deforms. In order not to overestimate 
the strength of the CaP material when modelling the mechanical 
behavior of the implant, we found it necessary to model the 
compression-tension asymmetry of the CaP material. Additionally, the 
modelling of damage was required to not overestimate the strength 
under impact loading. These types of models would be of interest to 
assess the mechanical response of other CaP composite implants, and in 
modelling CaP implants together with bone tissue. Previous studies 
which have modelled CaP material have commonly used a linear elastic 
material without compression–tension symmetry (Tarsuslugil et al., 
2014). 

A limitation in the validation of our implicit models was the rubber 
sheet, which was included in the experiments, but not modelled in the 
implicit FEMs due to convergence problems. Instead the compliance of 
the rubber sheet was subtracted from the experimental results. The 
difference in the loading scenario, could have caused the discrepancies 
seen between the implicit FEMs and the experimental results. Never
theless, this does not explain why the force was underestimated in one of 
the models, and overestimated in the other. Likely the discretization of 
the very fine design features in the deformation zones could have caused 
the underestimation of the force in D1. The additive manufacturing of 
the titanium structure (L-PBF) do have limitations in accuracy of small 
parts, and the manufactured deformation zones might deviate from the 
CAD-model. The sensitivity of the discretization of the deformation 

Fig. 8. Results from the explicit simulations of the cranial bone geometries. The displacement vs. time (a), force vs. time (b), and force vs. displacement (c) are shown 
for the thin, mean and thick cranial bone thickness. In the strain plots, the damage in the thin cranial bone model is shown: d) the minimum principal strains and e) 
the maximum principal strains. Failure in the minimum strain is shown in the darkest blue color: − 2% for the trabecular bone and − 5.9% for the cortical bone. 
Failure in the maximum strain is shown in the darkest red color: 1.4% for the trabecular bone and 2.8% for the cortical bone (Enns-Bray et al., 2018). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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zones could be investigated in future studies to obtain a higher accuracy 
for the D1 implicit FEM. Moreover, since failure was not implemented 
for the titanium, the experimental and modelled response deviate after 
the titanium fractured in the D1 experiments. The overestimation of the 
force in D2 could be related to the insecurities in the modelling of the 
CaP-titanium interaction. 

The explicit FEMs accurately predicted the experimental mechanical 
response in the first part of the impact, but in the second part the force 
was somewhat overestimated in the FEMs. This was more prominent for 
D2 than D1. Even though damage was modelled in the explicit FEMs, 
there was some overestimation in the impact force. As the over
estimation started approximately when the CaP tiles came in contact 
with each other, the reason might be that the models were not fully 
capturing the experiments in terms of damage in the CaP tiles. In the 
experiments, the CaP tiles detached from the titanium structure after 
fracturing, and could fall through the support. This mainly occurred for 
the central tiles, below the indenter, these tiles also detached from the 
titanium structure on the unloaded side of the implant. Simulations 
performed in a model of only the titanium structure, without CaP tiles 
(supplementary material, Fig. S1) supported that the increase in force in 
the second peak might come from the contacts of the CaP tiles. In the 
simulations without CaP, D1 did not have a second peak in the force 
response and the second peak for D2 occurred at a lower force than the 
first one. To improve the modelling of CaP failure in future studies crack 
propagation by the extended FEM (XFEM) could e.g. be explored. 

It should be noted that all material properties used in this study were 
defined a priori, rather than being modified to fit the computational 
results to the experimental data. Nevertheless, the sensitivity of the 
material properties in the model has not been evaluated. The CaP ma
terial has been well characterized in compression by Ajaxon et al., 
(2017), but with quite a high standard deviation – which is usually the 
case for calcium phosphate materials (Ajaxon et al., 2017). The CaP 
material has not yet been characterized in tension. Nevertheless, it is 
known that this type of materials has a much lower strength in tension. 
The tensile properties in our models were therefore estimated based on 
literature (Charrière et al., 2001). Further mechanical testing should be 
performed in future studies to improve the modelling of the CaP mate
rial. Additionally, the modelling of damage in composites with calcium 
phosphate and stronger materials could be further characterized. The 
titanium structure was additively manufactured with L-PBF. The mate
rial properties obtained with such a method can depend on the 
processing/post-processing parameters and printing direction (Zhao 
et al., 2016). To obtain the material properties for our models, tensile 
specimens were manufactured with the same cross-sectional size as the 
structure in the implant and using the same manufacturing method. The 
obtained properties were similar to previous studies testing standard 
sized specimen manufactured by the same method (Fousová et al., 2018; 
Chastand et al., 2018). Nevertheless, our small sample size (n = 5), and 
the fact that only one printing direction was used could be a limitation. 

Cranial bone protects the brain from impact during activities in daily 
life. In replacing the cranial bone with a synthetic implant, the me
chanical properties of the implant in comparison to cranial bone should 
be of interest. This study modelled cranial bone in the same impact 
situation as the implants. Damage in the cranial bone was seen for all 
three cranial bone geometries (4 mm, 6 mm and 8 mm thickness). 
Damage through the full thickness was mainly seen for the bone model 
with 4 mm cranial bone thickness. The lowest force and largest 
displacement were also seen in this model. The bone model with 4 mm 
thickness corresponds to the lower range in reported parietal bone 
thickness (Alexander et al., 2019), but is also a thickness corresponding 
to the average temporal bone (Auperrin et al., 2014). Comparing this to 
the simulated impact conditions for the CaP–Ti implant, the CaP in the 
implant would fracture but the titanium structure would still provide 
protection. However, the 4 mm thick bone was still stiffer, absorbed 
more energy and deformed less than the CaP–Ti implant in our simu
lations. Even though the CaP–Ti cranial implants provide protection in 

an impact and are the strongest available bioceramic based cranial 
implant (Lewin et al., 2020), our study would imply that full average 
parietal cranial bone strength is not obtained by the implant alone. 
However, the implant seems to provide protection in the range of the 
thin bone model, even though the bone absorbed more energy in the 
impact. 

The results from this study are clinically important for estimating the 
strength of the implant directly after surgery. However, over time the 
CaP material has shown a notable ability in regenerating bone in clinical 
studies (Engstrand et al., 2014; Kihlström Burenstam Linder et al., 2019; 
Engstrand et al., 2015). These regenerative properties will potentially 
result in increased implant stability over time. It should be noted that 
our experimental setup contained considerable simplifications in terms 
of biofidelity, as soft tissue (scalp, dura mater, brain etc.) would provide 
a different damping in vivo. Furthermore, if the CaP tiles would fracture, 
they would likely be contained by soft tissue, with bone forming around 
the CaP tiles over time (Engstrand et al., 2014; Engstrand et al., 2015; 
Kihlström Burenstam Linder et al., 2019). Moreover, the cranial bone 
model used in this study had several simplifications. Considering the 
previously observed element size sensitivity in the bone material model 
following ultimate strain, the mechanical response of the bone was only 
modelled up to peak load (Enns-Bray et al., 2018). In addition, the bone 
geometry could have been more accurately determined by using clinical 
CT or micro-CT images on cranial bone specimens, and then the material 
properties could also have been mapped from the obtained scan den
sities (De Kegel et al., 2019). More studies are needed in order to eval
uate the mechanical strength of the implant in comparison to cranial 
bone. 

In summary, computational modelling allowed for a valuable com
parison of the mechanical behavior of the CaP–Ti implant with cranial 
bone. In a similar manner, the mechanical behavior of the CaP–Ti 
implant could be compared to other implant materials. Furthermore, the 
developed modelling framework makes an important contribution to 
future evaluations of patient-specific CaP–Ti cranial implant designs in 
various loading scenarios. 

5. Conclusions 

As demonstrated by this study on two implant designs, the me
chanical response of CaP–Ti composite implants can be predicted by 
FEMs at both quasi-static and impact loading rates. The FEMs could be a 
valuable tool for the design and evaluation of patient-specific CaP–Ti 
cranial implants to optimize their performance and assure their safety. 
The framework developed for modelling the CaP–Ti implant used only 
literature based input and matched boundary conditions, hence it could 
be used in future studies for modelling CaP materials in other composite 
implants. Compared to the CaP–Ti implant, an average parietal cranial 
bone model showed a stiffer response, more energy absorption and less 
deformation under the same impact conditions. 
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